ABSTRACT: Radiographic assessment tools such as the cortical step sign (CSS) or the diameter difference sign (DDS) aim to identify clinically relevant rotational malalignment after long bone fracture fixation. We aimed to analyze the effect of rotational malalignment on CSS and DDS parameters in a subtrochanteric fracture model and to construct a prognostic model to identify clinically relevant rotational malalignment. A subtrochanteric transverse osteotomy was set in human femora. Rotation was set stepwise from 0˚to 30˚in internal and external rotation. Images were obtained using a C-arm and transferred for measuring the medial cortical thickness (MCT), lateral cortical thickness (LCT), femoral diameter (FD) in AP and the anterior cortical thickness (ACT) as well as the posterior cortical thickness (PCT) and the FD of the proximal and the distal main fragment. There were significant differences between the various levels of rotation for each of the absolute values of the evaluated variables. MCT, PCT and FD (AP & lat.) were the most affected parameters. In internal rotation, the MCT, PCT and the FD were the most affected variables. The parameters with the highest correlation with femoral rotation were ACT, PCT and FD. A model combining ACT, LCT, PCT and FD AP was most suitable model in identifying rotational malalignment. The best prediction of clinically relevant rotational malalignment was obtained with the FD and the PCT. The CSS and the DDS are promising tools for detecting rotational deformities of the proximal femur and should be used intra-and postoperatively. ß
Rotational malalignment remains one of the most relevant but oftentimes neglected complications after intramedullary nailing for fractures of long bones, such as the femur. [1] [2] [3] [4] [5] The incidence of clinically relevant malrotation (>15˚) ranges from 17 to 35% of unilateral femoral shaft fracture cases and up to 41% of bilateral cases. 1, 3, [6] [7] [8] [9] Due to the soft tissue envelope, minimally invasive stabilization after reduction is challenging for the surgeon. Beside reduction and subsequent stabilization and fixation of the fracture, reduction control is crucial in treating long bone fractures. Malreduced femoral shaft fractures may lead to disturbances of the biomechanics, resulting in poor function, osteoarthritis and painful mobilization. 10 Intraoperative tools for rotational control are limited and often lack reproducibility. Some of the commonly used techniques for intraoperative rotational control include the trochanter method and the contralateral hip test. 11, 12 However, the risk of postoperative malrotation remains high. Using the fracture table in case of subtrochanteric or femoral shaft fractures makes rotational control even more difficult due to the limited access to the contralateral leg and the fixed injured extremity within the table. Radiographically detectable and objective signs would be very useful not only during surgery for intraoperative corrections but also during postoperative care for detecting rotational deformities.
In the postoperative phase, computed tomography (CT) measurements is the most accurate method for detecting rotational deformities. A rotational deformity exceeding 15˚should be surgically revised. 10 Avoiding clinically relevant rotational deformities is important in order to minimize the consequences for the patients and resources.
In this context, the cortical step sign (CSS) and diameter difference sign (DDS) have been described as intra-and postoperative radiological tools to identify potential rotational deformities. The CSS and the DDS rely on variations in the cortical thickness and the diameter of the bone in sagittal and transverse diameters. In case of rotational deformity, the proximal and distal cortices are projected as having different thicknesses or diameters. 12 Therefore, rotational differences can be visualized using intraoperative fluoroscopy and plain X-rays. However, there are only limited reports that have carefully investigated the CSS and the DDS. One descriptive cadaveric study investigated the CSS using three levels of the femoral diaphysis. Sections were then removed and the CSS was analyzed at 10˚, 20˚, and 30˚without providing any multivariate statistical analysis. 13 Another study investigated the CSS and DDS in a software-based analysis. The investigators used a software algorithm and crosssectional dimensions that were obtained from CT scans of 22 intact adult femurs at the proximal, mid and distal diaphysis.
14 Although the study added some information to the current literature, it is hardly transferable to daily practice. Therefore, literature is lacking evidence of a fracture model and measurements taken using hardware and software that are used as part of the daily routine.
The present study aims to evaluate the CSS and DDS in a subtrochanteric fracture model. The aim was to correlate the visual aspect of the CSS and the DDS with the rotational outcome and to construct a prognostic model to identify the threshold for revision at 15˚rotational malalignment by combining the different parameters that make up the CSS and DDS. Such a model could be used to reduce the incidence of rotational deformities and the associated revision rates.
MATERIALS AND METHODS
The study was approved by the Ethics Committee of the Ludwig Maximilian University of Munich (Nr. 17-712). Thirteen fresh frozen human cadaveric femur specimens were harvested. There were two female donors and 11 male donors, with a median age of 64 years (SD ¼ 16 years) and a median body mass index of 24.7 kg/m 2 (SD ¼ 16.2 to 32.4 kg/m
2 ). Table 1 shows the diameter of each specimen at the osteotomy site. A transverse osteotomy was performed at a level adjacent to the lesser trochanter using an oscillating saw to simulate an AO/OTA type 32-A3 transverse subtrochanteric fracture. Schanz screws were placed in the proximal and distal main fragments and a standard nailing procedure using a PFNA (11 Â 200 mm, DePuy Synthes) was performed. For rotational control, an optical navigation system with 2D fracture software (BrainLab Vector Vision, BrainLab, Munich, Germany) was used. Reference arrays were inserted into the femoral shaft just proximally and distally to the fracture site using bicortical Schanz pins. Using the navigation system, stepwise rotational alignment of the fragments was set at 5˚, 10˚, 15˚, 20˚, 25˚, and 30˚of external and internal rotation. Radiographic true anteroposterior (AP) and lateral views of the osteotomy site, as referenced by the linea aspera, were obtained (Fig. 1) . The X-ray images were transferred to an image processing program (ImageJ, Wayne Rasband, https://imagej.nih.gov) for taking measurements, which were scaled using the known diameter of the inserted nail.
The CSS was evaluated measuring the medial cortical thickness (MCT), lateral cortical thickness (LCT), anterior cortical thickness (ACT) and posterior cortical thickness (PCT) of the femur proximal and distal to the transverse osteotomy in a true anteroposterior (AP) and lateral view. A cortical thickness difference of 0.6 mm between the proximal and distal bone segments was defined as positive CSS according to prior studies. For the analysis of the DDS, the transverse diameter of the femoral bone segment proximal and distal to the induced osteotomy was measured in true AP and lateral view (Femoral diameter [FD] ). Analogous to the CSS, a difference of 0.6 mm of the proximal and distal femoral diameter was classified as positive DDS.
Statistics
We first calculated the correlation between each individual variable. A separate ANOVA for each of the variables was constructed, with the thirteen levels of rotation in both directions as the treatment and accounting for the Femur specimen as a random effect. A multiple logistic regression model was then constructed to predict malrotation greater than 15˚as a function of the previously defined radiographic parameters. To provide specific guidance for prediction of malrotation with the developed models, we used the absolute differences of each of the variables to calculate specific difference thresholds for probabilities between 0.5 and 0.9, For each level, we also calculated the Positive Predictive Value (PPV) and the False Discovery Rate (FDR). Receiver operating characteristic (ROC) curves were calculated based on 5 Â 5-fold cross validation estimates. For all tests, a was set to 0.05.
RESULTS

Measurements of Radiographic Parameters of Femoral Malrotation
We were able to demonstrate significant differences between the levels of rotation for each of the absolute differences of the MCT, LCT, ACT, PCT and the FD (p < 0.01). The MCT and the FD were the most affected parameters in external rotation in the AP view (Table 2 ). In the lateral view, changes were more evident, with PCT and FD experimenting the most visible changes (Table 3) . External rotation predominantly led to decreased thicknesses and diameters of the variables of the distal main fragments in the AP view, in contrast to the lateral view.
When assessing internal rotation in the AP view, the MCT and the FD demonstrated the most obvious changes (Table 4) . Internal rotation predominantly led to increased thicknesses and diameters of the variables of the distal main fragments in the AP view. In the lateral view, comparable results were observed, with the greatest effect seen with the PCT. In most cases, the distal fragment showed increased thickness ( Table 5 ).
Correlation Between Radiographic Parameters and Femoral Malrotation FD in the lateral view, PCT and the ACT demonstrated the highest correlation with external rotation (FD lat.: 0.74; PCT: 0.78; ACT: 0.62). When analyzing for external rotation, the FD in AP and lateral view were the most associated variable. When comparing the variables to each other, we were able to identify the highest correlation of the FD in lateral view and the PCT with a correlation coefficient of 0.8 in external rotation (Fig. 2) .
Logistic Regression Results
In order to demonstrate and identify predictors on rotational malalignment, logistic regression analyses were performed. The full model consisted of all of the variables, and four variables remained in the model after backwards selection using a cut-off of p < 0.05. The model showed that the combination of the variables LCT, FD AP, ACT and the PCT was most suitable in identifying rotational malalignment. See Table 6 for details.
Probability of Malrotation by Measurement Threshold
In order to find thresholds of the variables (mm) identifying clinical relevant rotational malalignment (>15˚), separate logistic regression models were performed. Comparing the MCT and the LCT, it was evident that minor changes of the LCT serve better for the identification of a clinically relevant rotational malalignment. A probability level of 0.8 was found for a difference of 0.94 mm demonstrating a PPV of 0.9 and a specificity of 0.98. A probability of 0.7 and a positive predictive value was reached analyzing the FD in the AP view with a threshold of 0.95 mm; this became even more evident when analyzing a probability level of 0.8: when there was a difference of 1.18 mm, the PPV was as high as 0.91 with a specificity of 0.94.
Analyzing the lateral view, there were more discrete changes in the ACT than in the PCT identifying rotational malalignment: At a probability level of 0.8 there was a difference of 0.86 mm with a PPV of 0.92 and a specificity of 0.97 in the ACT; analyzing the same probability level for the PCT a change of 1.97 mm was required leading to a PPV of 0.92 and a specificity of 0.93. A probability level of 0.8 was reached at a difference of the FD of 1.97 mm leading to a PPV of 0.9 and a high specificity of 0.93. Results are presented in Table 7 .
ROC Curve Analysis of Multiple Logistic Regression Models
In order to further analyze thresholds and the effects of the models on specificity and sensitivity, we combined the variables of the AP and the lateral view, and ROC curve analyses were performed. The ROC curves clearly demonstrated a probate usefulness of the 
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ZECKEY ET AL. isolated variables described above and even more accurate prediction when combining the values. See Figure 3 and 4 four for details of the two models. The best prediction for analyzing a clinical relevant rotational malalignment were obtained for FD AP, FD lat. and the PCT, see Table 8 for the details.
DISCUSSION
The results of this study confirm that the cortical step sign and the diameter difference sign can be successfully used to detect rotational malalignment in the proximal femur. In addition, we found that external rotation leads to decreased thickness of the cortical parameters of the distal fragments, while internal rotation increases thickness, and that femoral diameter in the lateral view, posterior cortical thickness and anterior cortical thickness are highly correlated with rotational malalignment.
Rotational malalignment remains a profound complication in up to 43% of the patients after surgical treatment of femoral fractures and is frequently detected postoperatively using CT-Scans leading to revision surgery. 9, 11 Rotational malalignment exceeding 15˚difference is understood to cause not only cosmetic, but also severe functional problems including pain, arthritis and limited mobilization. 3, 11 Moreover, the literature reveals evidence of severe physical impairments such as limited weight bearing sports activities and activities of daily life even using the 10˚threshold. The investigators were able to detect an alarming incidence of rotational malalignment in 41.7% of the patients with profound influence on daily life, which includes reduced WOMAC scores of the hip and the knee. Moreover, stair climbing was significantly better tolerated in patients without rotational deformity exceeding 10˚. 10 However, there is uncertainty between 10å nd 15˚rotational malalignment and the indiciation for revision surgery, which includes several factors such as comorbidities, degree of impairments and external or internal malalignment.
More drastically, osteoarthritis of the hip and knee joint are known to be long-term complications, 15 therefore the 15˚threshold for revision surgery is widely accepted in international literature.
From our study data, clinicians potentially are now able to draw conclusions out of both intra-and postoperative X-rays. It seems likely that a relevant number of rotational malalignments could be detected without seeing the patients, for example, in morning or afternoon conferences. Also, the results of this study provide information about the correlation of different variables retrieved during fracture care and afterwards using standard diagnostics.
In terms of rotational control, the lesser trochanter sign and the contralateral hip test have been previously described. 11, 12 The techniques rely on the ability to assess the range of motion of the injured extremity, which is limited when using the fracture table. Moreover, these techniques are limited in cases such as bilateral femoral fractures or in patients with arthritis of the hip joint, which is often found particularly in older patients.
Subtrochanteric fractures are often surgically treated using fracture tables. Although the fracture table provides many advantages, it limits access to both, the injured and to the contralateral extremity, which limits the access to intraoperative tools for rotational control such as the contralateral hip test and the lesser trochanter sign.
Therefore, other tools such as the CCS and the DDS seem to be promising in rotational control since these are widely independent of the investigator and also applicable in postoperative X-rays.
However, to-date there are very few papers investigating the CSS or the DDS and none of these provide a realistic fracture setting involving hardware and software used in daily trauma care. Langer et al. performed a study investigating the diagnostic value of the CSS using three levels of the femoral diaphysis. Sections were removed using an oscillating saw and radiographic measurements were then made. Al- though the investigators were able to provide additional objective information about the CSS, the paper contains major limitations. Just one beam direction was used and, more problematically, the authors were unable to control the "true" anteroposterior view using the image intensifier due to their study setting. Moreover, no implant was used which also leads to profound bias. 13 A study by Fang et al. investigated the CSS and DDS in a software-based analysis using CT datasets of human femora.
14 The authors were able to demonstrate that there are significant rotationally induced changes depending on degree of rotation. They also showed that differences as small as 0.3 mm were detectable using fluoroscopy. Our threshold was set at 0.6 mm, which is potentially the more realistic setting in operating theatres worldwide. They calculated the sensitivity of the cortical step sign and diameter difference sign at 98.8% for detecting malrotation greater than 15 degrees with a step threshold of 0.3 mm and with clear visualization of the linea aspera. The sensitivity drops with missed steps of less than 1 mm and, without visualizing the linea aspera, the signs have a very poor sensitivity of under 50%. In our study, when assessing the predictive ability of the various parameters in detecting a 15-degree malrotation, we found that lateral cortical thickness was able to detect a difference of less than 1 mm with a probability of 0.8. Our study also provides enough detailed data to tailor the predictive ability of the parameters towards higher sensitivity or higher specificity, depending on the specific needs. A higher difference threshold may be employed when aiming to use the radiographic parameters as a screening tool Probabilities and thresholds generated by separate models for each variable. Positive predictive value (PPV) and false discovery rate (FDR) calculated using only the observations between the respective threshold and the next higher one.
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intraoperatively, while higher specificity could be achieved by using a smaller difference threshold as a confirmatory test. In terms of rotational control, length and axis, and in order to reduce revision rates, navigated nailing procedures have been described. [16] [17] [18] A study by Hawi et al. investigated the surgical outcome of 24 patients who received navigated intramedullary nailing versus 48 patients with conventional nailing procedures in a retrospective study. 18 The authors described a significantly increased radiation exposure time, significantly increased time of surgery as well as a longer preoperative time for the navigated group. However, revision rates were significantly reduced in the navigated group compared to conventional nailing procedures. These studies highlight the accuracy of intraoperative navigation also when treating femoral shaft fractures, however time seems to be an issue as well as the high technical demand of the technique itself including the associated costs for the technical equipment.
There are some limitations to our study. First, only one level of the femur was investigated. It would be interesting to see the differences along the femoral shaft and this topic should be targeted in future studies. In addition, we were not able to use a standardized femoral diameter or age since this study was done using fresh frozen human cadaveric specimens. However, we believe this may also represent one of the main strengths of the investigation, since our data relies on the natural variations of the human anatomy as observed across a group of specimens, potentially increasing the generalizability of the results.
CONCLUSION
The cortical step sign and the diameter difference sign are promising tools for detecting rotational deformities of the proximal femur. Critical intraoperative and postoperative assessment of these signs when treating proximal femur fractures could help increase the rate of early identification of clinically relevant femoral malrotation.
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